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In t roduct ion  

It i s  w e l l  known t h a t  coals e x h i b i t  molecular-s ieve p r o p e r t i e s .  Such 
P r o p e r t i e s  a r e  c h a r a c t e r i z e d  by much h igher  n-C4H10 a d s o r p t i o n  than  ~ s o - C ~ H ~ O  
adsorp t ion  a t  room temperature  (1) and p a r t i c u l a r l y  by a c t i v a t e d  adsorp t ion  
of N2 and A a t  77%. (1, 2, 3, 4, 5). However, t h i s  molecular-s ieve behavior 
i n  t h e  case  of raw c o a l  i s  of l i t t l e  p r a c t i c b l  value,  s i n c e  t h e  d i f f u s i o n  r a t e  
of  the  adsorba te  i n t o  t h e  pore system i s  u s u a l l y  very  slow and t h e  t o t a l  adsorp- 
t i o n  capac i ty  i s  u s u a l l y  very  low. 

There i s  a n  i n c r e a s i n g  i n t e r e s t  and use,  today, of molecular-s ieve m a t e r i a l s  
by the  petroleum i n d u s t r y  f o r  the  s e p a r a t i o n  of s t r a i g h t  from branched-chain 
hydrocarbons. Synthet ic  c r y s t a l l i n e  z e o l i t e s  are being used almost e x c l u s i v e l y  
f o r  t h i s  purpose ( 6 ) .  Charcoals made from t h e  p y r o l y s i s  of  c e r t a i n  polymers 
show promise (7) .  In  t h i s  paper, t h e  p o s s i b i l i t i e s  of producing a s u i t a b l e  
molecular-s ieve mater ia l  by t h e  a c t i v a t i o n  of  a n t h r a c i t e  i s  considered.  

Experimental 

Anthrac i te  Used - A Pennsylvania a n t h r a c i t e ,  which w a s  ground i n  a f l u i d  energy 
m i l l  to  an  average p a r t i c l e  s i z e  of  6~ on a weight b a s i s ,  was used i n  t h i s  
s tudy.  The proximate a n a l y s i s  ( a i r - d r y  b a s i s )  of t h e  a n t h r a c i t e  was: 
moisture, 1.2%; V. M.,  8.2%; f i x e d  C,  79.4%; and ash ,  11.2%. 

D e v o l a t i l i z a t i o n  of t h e  Anthrac i te  - P r i o r  t o  a c t i v a t i o n ,  the  a n t h r a c i t e  was 
d e v o l a t i l i z e d  i n  a N2 atmosphere a t  950°C. f o r  6 hours. No a t tempt  was made 
t o  analyze t h e  product gases  dur ing  d e v o l a t i l i z a t i o n ;  b u t  from previous s t u d i e s  
on k i n e t i c s  of v o l a t i l e  m a t t e r  r e l e a s e  from a n t h r a c i t e ,  most of the  gas  
r e l e a s e d  was H2 (8) .  

Act iva t ion  of Anthrac i te  - Because of the  f i n e  p a r t i c l e  s i z e  of a n t h r a c i t e  
used, a down-flow f i x e d  bed r e a c t o r  w a s  employed. 
2.25 in. i. d., 3.25 in .  0. d., and 2 f t .  long, w a s  made of 10-18 s teel  tubing. 
The a n t h r a c i t e  sample holder ,  which could be i n s e r t e d  i n t o  the  r e a c t o r ,  was 
304 s t a i n l e s s  steel .  Its dimensions were 1.87 h. i. d., 0.065 i n .  w a l l  th ick-  
ness ,  and 1 7  in .  long. The bottom was per fora ted  t o  a l low f o r  t h e  passage of 
t h e  gases.  Gas mixing and prehea ter  s e c t i o n s  were p r e s e n t ,  before  t h e  r e a c t o r .  
The e n t i r e  apparatus  i s  descr ibed  i n  d e t a i l  e lsewhere ( 9 ) .  

The r e a c t o r ,  which was 

For a run, an oven d r i e d  sample o f . a n t h r a c i t e  of known weight was placed 
i n  the sample holder .  
and then r e a c t e d  wi th  a 90% C02-10% CO gas mixture ,  a t  a t o t a l  p ressure  of 
1 atm. Following r e a c t i o n ,  t h e  sample was cooled i n  N and the percentage 
burn-off measured from t h e  loss  i n  sample weight. 
t o  t h e  i n l e t  stream so t h a t  more uniform a c t i v a t i o n  through the bed would 
occur .  
s t r o n g l y  r e t a r d i n g  t h e  g a s i f i c a t i o n  r e a c t i o n  (10). 

The sample was heated t o  a c t i v a t i o n  temperature i n  N2 

Carion monoxide was added 

That i s ,  i t  minimized the  e f f e c t  o f  small  amounts of product  CO 
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42. 
Apparatus to Measure P r o p e r t i e s  of An th rac i t e  

Apparent d e n s i t y  - The apparent  d e n s i t y  of t h e  samples was determined by 
Hg displacement.  A Hg porosimeter was used (ll), i n  which the  t o t a l  pressure 
above the Hg was r a i s e d  t o  2,000 p s i .  
openings g r e a t e r  than c a .  1000 A.  Therefore ,  i t  i s  expected t h a t  the voids  
between a n t h r a c i t e  p a r t i c l e s  were completely f i l l e d .  A t  the  same t i m e ,  the  
volume of Hg forced i n t o  pores above 1000 A. w i th in  the a n t h r a c i t e  p a r t i c l e s  
is  thought t o  be n e g l i g i b l e  (12) .  

A t  t h i s  pressure,  Hg is  forced i n t o  

H e l i u m  d e n s i t y  - P r i o r  to  the  measurement, t h e  samples were outgassed a t  
125°C. f o r  8 hours. The He  d e n s i t i e s  were determined by the convent ional  
method i n  which a measured q u a n t i t y  of He was expanded i n t o  a sample ho lde r  
(he ld  a t  30°C.) of known volume con ta in ing  a sample of known weight. A 
30 min. per iod was found adequate  t o  reach equi l ibr ium. 

Adsorption appa ra tus  - A s t a t i c  adso rp t ion  appa ra tus  of the  t y p i c a l  
design (13),  con ta in ing  Hg f l o a t  valves ,  was used. 
were conducted a t  30 -+ 0.1'C. P r i o r  t o  measuring the f r e e  space with H e ,  
the  samples were outgassed a t  250°C. f o r  7 hours. 
d i f f u s i o n  o f  the hydrocarbon adso rba te s  i n t o  t h e  raw and d e v o l a t i l i z e d  
a n t h r a c i t e s ,  24 hours was allowed t o  reach equ i l ib r ium f o r  each adso rp t ion  
poin t .  For the a c t i v a t e d  samples, a one hour e q u i l i b r a t i o n  time was found 
s u f f i c i e n t .  The adso rba te s  used, n-C4Hl0, iso-C4HIo, and neo-CgHlp, w e r e  
obtained from the  Matheson Co. and were of g r e a t e r  than 99.92 pur i ty .  

A l l  adso rp t ion  s t u d i e s  

Because of the  very slow 

Resu l t s  and Discussion 

It was decided t o  a c t i v a t e  a n t h r a c i t e  of micron s i z e  i n  t h i s  s tudy i n  
o r d e r  t o  a t t a i n  the optimum i n  uniform p a r t i c l e  a c t i v a t i o n  and to decrease 
adso rp t ion  e q u i l i b r a t i o n  time t o  a minimum. 
d i s c u s s  the e f f e c t  of p a r t i c l e  s i z e  on non-uniformity of g a s i f i c a t i o n .  
Kawahata and Walker (12) show t h a t  the  s p e c i f i c  pore volume of a c t i v a t e d  
a n t h r a c i t e  i n c r e a s e s  wi th  dec reas ing  p a r t i c l e  s i z e  i n  the  range 16 t o  150 mesh. 

Walker and co-workers (14) 

Unfortunately,  however, t h e  handl ing of 61~. a n t h r a c i t e  du r ing  a c t i v a t i o n  
proved t o  b e  a problem. I n i t i a l l y ,  a c t i v a t i o n  i n  a f l u i d  bed apparatus,  which 
was previously used s u c c e s s f u l l y  t o  r e a c t  100x150 mesh a n t h r a c i t e  (15), was 
attempted. Excessive ca r ry -ove r  of the a n t h r a c i t e  from the  r e a c t o r  as a 
r e s u l t  of continuous agglomerat ion and de-agglomeration made the  use of 
f l u i d i z a t i o n  i m p r a c t i c a l .  
which was used f o r  a c t i v a t i o n ,  i t  became ev iden t  t h a t  channel ing of the  gas 
was a problem. 
bed. That i s ,  from t h e  t o t a l  per  c e n t  burn-off and the change i n  apparent 
d e n s i t y  of a n t h r a c i t e  during a run, the  f r a c t i o n  of a c t i v a t i o n  which took 
p l ace  within the  a n t h r a c i t e  p a r t i c l e  (as  opposed t o  removing e x t e r n a l  volume 
and thereby dec reas ing  p a r t i c l e  s i z e )  could be est imated.  
a c t i v a t i o n  runs made, the  percentage o f  i n t e r n a l  a c t i v a t i o n  va r i ed  widely, 
up t o  loo%, with no t r e n d  be ing  found wi th  changing a c t i v a t i o n  temperature 
between 750 and 840°C. Resu l t s  f o r  on ly  the  sample with 100% i n t e r n a l  a c t i v a -  
t i o n  a r e  given here ,  t o  show under the  b e s t  cond i t ions  what type of molecular- 
s i e v e  p r o p e r t i e s  a c t i v a t e d  a n t h r a c i t e  can have. 

In the  c a s e  of the  down-flow f i x e d  bed r e a c t o r  

This a p p a r e n t l y  r e s u l t e d  i n  non-uniform r e a c t i o n  through the  

For the  seven 

The a c t i v a t e d  sample t o  be considered here ,  was r eac t ed  a t  840°C. f o r  
23.5 hours t o  34.8% burn-off.  Figure 1. shows t h e  isotherms for the adso rp t ion  
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of hydrocarbons on t h i s  sample. 
t h e  Langmuir equation, from which monolayer adso rp t ion  volumes can be es t imated .  
These volumes f o r  the a c t i v a t e d  and raw a n t h r a c i t e  are given i n  Table I. 
l a y e r  volumes f o r  t h e  d e v o l a t i l i z e d  a n t h r a c i t e  a r e  no t  given, s i n c e  they  were 
very mall and could  not  b e  a c c u r a t e l y  measured. adso rp t ion  a t  a 
relative pressure  of 0.3, the  volume adsorbed on t ~ ~ r d ~ ~ % ? l i z e d  a n t h r a c i t e  
was roughly 10% of t h a t  adsorbed on the raw a n t h r a c i t e .  
s i g n i f i c a n t  c l o s u r e  and c o n t r a c t i o n  of pores upon hea t ing  of t h e  raw a n t h r a c i t e  
t o  950°C. Such a r e s u l t  has  been previous ly  r epor t ed  upon t h e  h e a t  treatment 
of  bftuminous cha r s  t o  h ighe r  temperatures (16). 

Tha isotherms can be c l o s e l y  approximated by 

Mono- 

This  i n d i c a t e s  

From Table I, i t  fs seen t h a t  t he  a rea  a v a i l a b l e  to the  hydrocarbons i s  
sha rp ly  increased  upon a c t i v a t i o n ,  as expected. 
f a c t  t h a t  the  adsorp t ion  r a t e  is markedly increased  and t h a t  wide d i f f e r e n c e s  
i n  the  pore area a v a i l a b l e  t o  the  hydrocarbons s t i l l  e x i s t .  

Of more importance, is the 

Table I1 summarizes t h e  results f o r  t he  apparent  and H e  d e n s i t i e s  and 
t o t a l  open pore volume on a m.m.f.b. 
t h e  apparent  and He d e n s i t y  of the mineral  m a t t e r  i n  a l l  samples was taken a s  
2.7 g./cc. (17). The t o t a l  open pore volume i s  cons idered  t o  be the  volume i n  
pores  < 1000 A. and > 2.5 A. i n  diameter.  The lower l i m i t  i s  set by t h e  s i z e  
of pore into which He can  d i f f u s e  a t  a s i g n i f i c a n t  r a t e  a t  30°C. (18). 

To p lace  the  d e n s i t y  r e s u l t s  on a m.m.f.b., 

On the b a s i s  of these  results, the  n a t u r e  o f  t h e  molecular  pore system i n  
the  a n t h r a c i t e s  can  be c l a r i f i e d  fu r the r .  From Hg poros imeter  da t a  on an th ra -  
c i te  a c t i v a t e d  t o  38% bum-off ,  i t  has been shown t h a t  about 949, of  t h e  t o t a l  
open pore volume is  loca ted  i n  pores < 28 A. i n  d iameter  (12) .  
t he  Kelvin equation, pores of up t o  ca. t h i s  d iameter  w i l l  be f i l l e d  by the 
hydrocarbons s tud ied  a t  a relative p res su re  of 0.3. Therefore,  t he  assumption 
is made that the volumes of hydrocarbon adsorbed a t  a r e l a t i v e  p re s su re  of 
0.3 are loca ted  i n  pores  between a lower l i m i t  (below which the  hydrocarbon 
will n o t  e n t e r )  and 1000 A. Then, by s u b t r a c t i n g  these  pore volumes from the 
total  open pore volume, d i s t r i b u t i o n  data i n  the molecular pore  s i z e  range 
can be determined. I n  agreement wi th  Breck and co-workers (19) and o the r s ,  
the  minimum e f f e c t i v e  pore s i z e  i n t o  which a hydrocarbon can p e n e t r a t e  i s  
t aken  as the  diameter of the  c i rcumscr ibed  circle of minimum c ross - sec t iona l  
a r e a  of  t he  hydrocarbon molecule. These minimum dimensions a r e  4.9, 5.6, and 
6.5  A. f o r  n-C4HloY iso-C4Hl0, and neo-C5H12, r e spec t ive ly .  

According to  

These results are summarized g r a p h i c a l l y  i n  F igure  2. It i s  seen  t h a t  
even though the  t o t a l  open pore volume i s  increased  on d e v o l a t i l i z a t i o n  
(presumably by v o l a t i l e  m a t t e r  r e l e a s e  unblocking pores) , the  amount of pore 
volume a v a i l a b l e  t o  n-C4H10 and l a r g e r  hydrocarbons sha rp ly  decreases .  Com- 
par ing  the  volume d i s t r i b u t i o n s  f o r  the  raw wi th  the  a c t i v a t e d  a n t h r a c i t e ,  
i t  is  seen  t h a t  i n  s p i t e  of a l a r g e  inc rease  i n  t o t a l  pore volume upon 
a c t i v a t i o n ,  the  pore volume between 2.5 and 4.9 A.  has decreased. 
sugges t  t h a t  t he re  is l i t t l e  pore volume below 4.9 A. t o  be opened up by 
a d d i t i o n a l  burn-off of  t h i s  a n t h r a c i t e .  It is t o  b e  emphasized t h a t  t he  volume 
repor t ed  below a minimum e f f e c t i v e  pore s i z e  would be expec ted  t o  inc rease  wi th  
inc reas ing  adso rp t ion  temperature, because of a c t i v a t e d  d i f f u s i o n  and an  in-  
c r e a s i n g  magnitude of  v i b r a t i o n  of the  atoms around a pore opening. 

This would 

It i s  of  i n t e r e s t  t o  compare the  a c t i v a t e d  a n t h r a c i t e  w i th  Type A 
s y n t h e t i c  z e o l i t e  p e l l e t s  f o r  adso rp t ion  of n-C4H10 and iso-C4Hl0 (19). 
r o w  temperature, the 5A z e o l i t e  has  a c a p a c i t y  of ca.  50 cc .  n-C4H1 /g. 
(S.T.P.) and 2 cc. iso-C4Hlo/g. 

A t  

It is thought t h a t  t he  adso rp t ion  09 

I 
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4.4. 
iso-C6Hlo p r imar i ly  occurs  on the  c l a y  b inder  holding the  small  z e o l i t e  
p a r t i c l e s  t oge the r  in t h e  p e l l e t .  
In con t ra s t ,  t h e  a c t i v a t e d  a n t h r a c i t e  has a c a p a c i t y  of ca. 110 cc. n-C4Hlo/g. 
(m.m.c.b.) and 40 cc. iso-CqHlO/g. 
P e l l e t i z i n g  the  a n t h r a c i t e  f o r  use i n  f ixed  bed ope ra t ions  would be expected 
t o  lower both t h e  adso rp t ion  c a p a c i t i e s  and sepa ra t ion  r a t i o .  It is  obvious, 
then, t h a t  t h i s  a c t i v a t e d  a n t h r a c i t e  sample does no t  show t he  sharp molecular  
s i e v e  e f f e c t  demonstrated by the  z e o l i t e .  
range of .molecular  pore s i z e s  is present  i n  the  raw and a c t i v a t e d  an th rac i t e .  
Nevertheless, because o f  the  r e l a t i v e l y  low c o s t  of a c t i v a t e d  a n t h r a c i t e ,  it 
may .have poss ib l e  a p p l i c a t i o n s  f o r  rough sepa ra t ions  i n  conjunct ion  w i t h  
z e o l i t e s .  

The r a t i o  of gases  adsorbed i s  ca. 23. 

The r a t i o  of gases  adsorbed is ca. 2.8. 

This  i s  t o  be expected, s ince  a 
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Table I 

Monolayer Volumes f o r  D i f f e r e n t  Hydrocarbons 

on Raw and Act ivated An th rac i t e  (m.m. f .  b) 

V-, cc./g.  (S.T.P.) 

Raw 

Activated 

n-C H iso-C 4 H 10 neo-C5H12 

12.6 8.6 2.3 

134 54.5 15.5 

Table I1 

Densi t ies  and Total  Open Pore Volume i n  Raw, 
Devo la t i l i zed ,  and Act ivated An th rac i t e  (m.m.f .b.) 

App. Density H e  Density Total  Open Pore 
4. I C C .  g. I C C .  Volume c c . / g .  

Raw 1.245 1.438 0.108 

Devola t i l i z e d  1. 5l0 2.010 0. 165 

Ac t iva t ed  0.95, 2.156 0.581 
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HYDROCARBON ADSORPTION AT 30°C. 
ON ANTHRACITE ACTIVATED TO 34.8% 
BURN-OFF AT 840°C. 

Figure 1 

PORE DIAMETERS 
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PORE VOLUME DlSTRlBWTlONS IN RAW 
(A), DEVOLATILIZED (B) AND ACTIVATED 
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Figure 2 


